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U. S. Department of Energy 
Financial Status Report (07/22/93) 
Grant No. DE-FG05-87ER52141 (E-25-638/R6300-0AO) 
Period Covering: 12/01/92 - 04/30/93 -
Direct Costs 
FY'87 @ 63.5% $ 7,894.15 
FY' 88 @ 60.0% 63,108.81 
FY'89 @ 60.6% 62,371.88 
FY'90 @ 62.5% 42,397.62 
FY' 91 @ 62.5% 20,112.40 
FY'92 @ 61.5% 926.76 
FY'93 @ 55.2% 21,122.57 
REPORT PERIOD 
Direct Costs 
12/01/92 - 04/30/93 @ 55.2% $ 237.00 
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4A. Current contract start date A1u:il 1. l9BZ 4C. Anticipated project termination 
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' 5. Work STATUS ' . 5B. CONGRESSIONAL district 5th 
0 Proposed 0 Renewal 5C. STATE or Country where work is being 
[}l New 0 Terminated performed Georgia 
5A. Manpower (FTE) 50. COUNTRY sponsoring research llSA 
6. Name of PER FOR lVII NG organization GeQ!:gia Tg~h Resear~h Corilox:ation 
6A. DEPARTMENT or DIVISION 6B. Street Address 6C. City, State, Zip Code 
:_ 
.. 
~echanical Eng.'/Nuclear Eng. & HP Atlanta; ·cA' 30332 . . 
Circle only one code for TYPE of Organization Perfo r:_QJ jng R&D: 
. ·. \ 1- . • ' '· 7. 
XX <£Y)- College, university, or trade scho~l 
I - . . t '. . . ·· - · 
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IN - Private industry 
NP - Foundation or laboratory not operated for profit 
ST - Regional, state or local government facility 
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US - Federal agency 
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8A. Contractor's PRINCIPAL INVESTIGATOR/s or project manager 
Narne/s (Last, First, M I) Stacev, Heston M 
8B. PHONE/s (in order of PI names with commercial followed by FTS) 
Comm. 404L894-3714 ;FTS ;Comm. ;FTS 
SC. Pl/s address (if different from that of Performing Organization) 
Georgia Institute of Technol,Qgy, Mechanical Eng.LNuc.lea;r Eng~ & Health PhJ.sics 
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• 
2. PUB Ll CATIONS available to the public. List the five most descriptive publications that have resulted from 'this project 
in the last year that are available to the public. (Include author, title, where published, year of publication, and any other 
information you have to complete full bibliographic citation.) Use the back of this form or additional sheets if necessary. 
1. W.M. Stacey, Jr. et al, "Rotation and Impurity Transport in a Tokamak Plasma with 
Directed Neutral Beam Injection", Nucl. Fusion, 25, 463 (1985); also Ga. Tech 
report GTFR-47. 
2. W.M. Stacey, C.M. Ryu and M.A. Malik, "Analysis of the Unbalanced NBI Rotation 
Experiments In the ISX-B, PLT and PDX Tokamaks", Nucl. Fusion, 26, 293 (1986); 
also Ga. Tech report GTFR-59 •.. 
3. K.R. Davey, "3-D Transient Eddy Current Calculations for the Felix Cylinder 
Experiments", Ga. Tech report GTFR-64. 
4. A. Krauss, D. Gruen, J. Brooks and B. DeWald, "Composite Materials for High Heat 
and Particle Flux Components in Fusion Devices", Ga. Tech report GTFR-66. 
5. M.A. Malik, W.M. Stacey and C.E. Thomas, "Analysis of Neutral Beam Driven Impurity 
Flow Reversal In PLT", Ga. Tech report GTFR-67. 
13. KEYWORDS (Listed five terms describing the technical aspects of the project. List specific chemicals and CAS number, if 
applicable.) 
Impurity control, fusion, current drive 
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Date: 4/29/87 
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5A. Manpower (FTE) 50. COUNTRY sponsoring research USA 
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MechR.nic;tl En~./Nuclear Eng. & HP Atlanta, GA 30332 
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XX @;- College, univer~ity, or trade school 
FF - Federally funded RO&D centers or laboratory operated for an agency of the U. S. 
Government 
IN - Pr ivate industry 
NP - Foundation or laboratory riot operated)or profit 
ST - R i n I r 
. . 
ego a, state o local government factltty 
T A - Trade or professional organization 
US - Federal agency 
XX- Other 
EG - Electric or gas utility 
8A. Contractor's PRINCIPAL INVESTIGATOR/s or project manager 
Name/s(Last,First,Ml) Stacey, Weston M. 
88. PHON E/s (in order of PI names with commercial followed by FTS) 
{ 
Comm. 404/894-3714 ;FTS ____________________ ;Comm. _________________ ;FTS ______________ __ 
8C. Pl/s address (if different from that of Performing Organization) 
Georgia Institute of Technology, Uechanical Eng./Nuclear Eng. & Health Physics 










'DOE SUPPORTING Organization (DOE Assistant Secretary and off ice sponsoring the work; 
technical monitor; and administrative monitor). 
PROGRAM division or office 
(full name) Office of Fusion Energy. Dept. of Energy 
TECHNICAL monitor (Last, First, Ml) Dowling, R.J. - D&T Division 
Program Office Code 
Address Office of Fusion Energy 9D. Phone Co mm. --=-3..;;..;01::;..,l/~3:...=5;.;::;3_-...:..4 9:;...:5::;....4.;.__ __ _ 
Hail ·stop 256, FTS 
Washington. D.C. 
ADMINISTRATIVE mon~or (last, First, ~l)~~~~y~n~a~t~t~,~W~.~~~-~-~C~o~n~t~r~a~c~t~~~a~n~a~g~e~~~e~n~t~~~~~~~~~~~ 
FUNDING in thousands of dollars (KS). Funds represent budget obligations for operating 
and capital equipment (FY runs October 1 - September 30). 





Next F Y ...2.Q_ 
$95,540 
100. Does the current FUNDING cover more than one year's work? Yes __ _ No_X __ 
E~ If ye~ provide dates (from ~hen to when). ~~~~~~--~~~~---~-----~~-~----
11. Descriptive SUMMARY of work. Enter a Project Summary using complete sentences limited to 200 ~ords covering the fol-
lo~ing: Objective{s), state project objectives quantifying where possible (e.g., "The project objective is to demonstrate 95% 
recovery of sulphur from ra~ gas ~ith molten salt recycling at a rate of one gallon per minute."); approach, describe the 
technical approach used (how the work is to be done); expected product/results. describe the final products or results ex-
pected from the project and their importance and relevance. 
It is proposed to continue work on the development of innovative plasma 
engineering techniques that promise to reduce technology requirements for tokamak 
reactors and to apply those techniques to analyses in support of the ITER ' and 
Commercial Tokamak Studies. 
12. PUB UCAT!ONS available to the public. List the five most descriptive publications that have resultEd trorn t111s pro1ec1 
in the last year that are available to the public. (Include author, title, where published, year of publication, and any other 
information you have to complete full bibliographic citation.) Use the back of this form or additional sheets if necessary. 
1. "Analysis of the Unbalanced NBI Rotation Experiments in the ISX-B, PLT and PDX 
Tokamaks", Nucl. Fusion, 26, 293 (1986); with C.M. Ryu, M.A. Malik. 
2. ~:Impurity Asymmetries and Radial Transport Produced by Asymmetric Impurity 
Sources", Nucl. Fusion, l:]__, 1213 (1987). 
3. "Helium Flow Reversal with NBI and ECH in TIBER", Fusion Techn., to be published; 
with others. 
4. M.A. Malik, t.J.M. Stacey, and C.E. Thomas, "Analysis of Neutral Beam Driven 
Impurity Flow Reversal in PLT", GTFR-67; October 1986. 
5. H.A. Malik and \.J.M. Stacey, 11 Neutral Beam Driven Impurity Flow Reversal as an 
Impurity Control ScheMe for INTOR", GTFR-68; October 1986. 
6. H.A. Malik and W.M. Stacey, 11Preliminary Analysis of the Neutral Beam Driven 
Impurity Flow Reversal in Tiber II", GTFR-72; April 1987. 
7. H.A. Malik, J. Mandrekas, \-l.H. Stacey, and T.H. Ogden, "Impurity Flow Reversal 
in Tiber II", GTFR-74; July 1987. 
8. H.M. Stacey, "Explanation of the Degradation of Energy Confinement in TFTR with 
Unbalanced Neutral Beam Injection'', GTFR-76; October 1987. 
9. W.M. Stacey, "Analysis of the Unbalanced Neutral lleam Power Scan Rotation 
Experiments in TFTR", GTFR-77; October 1987. 
13. KEYWORDS (Listed five terms describing the technical aspects of the project. List specific chemicals and CAS number. if 
appl icab!e.) 
Fusion, Tokamak, Energy Confinement 
14. RESPONDENT. Name and address of person filling out the Form 538. Give telephone number, including extension (if you 
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A. RECENT ACCOMPLISHMENTS IN THE GEORGIA TECH FUSION STUDIES PROGRAM 
The principal emphasis of work within the GIT Fusion Studies Program is on 
plasma engineering innovations that have the potential for reducing the 
technological requirements for near-term and commercial tokamak reactors. The 
secondary emphasis is on innovative solutions to technological problems for 
tokamaks. 
1. NBI IMPURITY FLOW REVERSAL 
In a series of papers [1-4], we have developed a self-consistent 
calculational model for the effect of unbalanced neutral beam injection on 
impurity transport. We were the first to predict [2] that co-injection would 
tend to drive impurities radially outward, while counter-injection would drive 
them inward, introducing thereby the possibility of using NBI for impurity 
control. Subsequent experiments in PLT . [S-7], ISX-B [8,9] and TFTR [10] have 
all found that central impurity accumulation is several times greater with 
counter-injection than with co-injection, and there is evidence in ISX-B [9] 
that co-injection drives impurities out of the center of the plasma, in 
qualitative agreement with the prediction of our calculational model. The data 
from one set of PLT experiments [7] are particularly amenable to analysis. An 
analysis [11,12,13] based upon a preliminary version [2] of the calculational 
model and carried out as doctoral research, yielded relatively good agreement 
between predictions and experiment. A more recent analysis [14] of the same 
experiment, based upon a more complete version of the calculational model [4] 
and also carried out as doctoral research, yielded excellent agreement between 
prediction and experiment. Analysis of the other experiments is currently in 
progress as doctoral research. In a recently completed doctoral thesis [15], 
the fluid formulation and associated constitutive relations which are used in 
our calculations model were derived from kinetic theory. 
2 
Application of the calculational model to commercial (STARFIRE [12]) and 
near-term (FED [12], INTOR [16] and TIBER [17,18) tokamak reactor designs 
indicates that 25-75 MW of co-injected NB power should be sufficient to prevent 
edge-produced impurities from penetrating to the central plasma region. This 
introduces t~e possibility that co-injected NB could be used to produce a clean 
central plasma and a cool, radiating, edge plasma, thereby reducing the 
technological requirements upon the principal ~mpurity control and plasma 
interface systems. 
The combined usage of NBI for heating, current-drive and impurity control 
was one of the innovations identified at a recent IAEA specialists' meeting [19] 
as having substantial potential for improving the tokamak as a reactor concept. 
The input to this meeting on NBI impurity control was based upon the above-
mentioned work. 
2. MOMENTUM CONFINEMENT WITH UNBALANCED NBI 
Because the self-consistent impurity transport model described in the 
previous section is based upon particle and momentum balance, the rate at which 
toroidal momentum input by the NBI is transported radially is an important 
parameter in the model. We have developed a calculational model for the radial 
transport of toroidal momentum [20], based upon gyroviscosity. We have derived 
[15] the gyroviscous stress tensor from kinetic theory. This model has been 
applied to calculate rotation velocities and momentum confinement times in ISX-
B, PLT and PDX [21] and in TFTR [22], with good agreement being obtained between 
the predicted and measured values. This first-principle calculational model for 
the radial transport rate of toroidal momentum allows the NBI impurity flow 
reversal theory of the previous section to be extrapolated to future reactors, 
in addition to providing an explanation for measured rotation velocities and 
momentum confinement times in present experiments. 
., 
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3. ENERGY CONFINEMENT DEGRADATION WITH UNBALANCED NBI 
When the toroidal rotation velocity of the bulk plasma, which is driven by 
unbalanced NBI, is comparable to the thermal velocity, the work done by the 
rotating plasma against the pressure tensor becomes a significant contribution 
to the radial energy flux. This additional energy loss mechanism has been 
evaluated [23] using the gyroviscous stress tensor we had previously developed 
[20]. A calculational model for the degradation of energy confinement time with 
increasing toroidal rotation velocity was developed and shown to make 
predictions in good agreement with measurements made in one set of TFTR co-
injected NBI experiments [23]. 
Thus, with NBI, our calculational model predicts that energy confinement is 
maximized when the beams are balanced (i.e. there is no net momentum input, 
hence no rotation). This prediction is in qualitative agreement with recent 
measurements in TFTR. 
4. NBI CURRENT DRIVE 
We have performed NBI current drive studies in support of the TIBER-II 
design and have carried out a sensitivity study for NBI current drive in TIBER-
II, INTOR and the current US version of ITER [24], using the standard NBI 
current drive theory. The sensitivity of the current drive effici~ncy to 
variations in the design parameters was established for these three design 
points, which span the range that probably will be considered for ITER. 
An improved calculational model for NBI current drive was developed [25]. 
· This model includes the radial transport of momentum and the effect of the 
rotating background plasma ions. Preliminary model problem calculations for 
TFTR (which are still in progress) with this improved model predict current 
drive efficiencies as much as two times those predicted by the standard theory. 
This result potentially makes NBI an extremely attractive current drive 
option, subject to confirmation of the calculational model. 
---s • RF IMPURITY FLOW REVERSAL 
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When a tokamak plasma is heated with ECRH or ICRH the energy goes mainly 
into the perpendicular (to the magnetic field) component of the velocity. This 
enhancement of the perpendicular velocity relative to the parallel velocity 
increases the fraction of resonant particles (electrons for ECRH, ions for 
ICRH), thereby enhancing the number of resonant particles trapped in the 
magnetic well on the outboard of the torus, which produces a poloidal variation 
in the electrostatic potential, ~. It has been estimated that this poloidal 
variation in~ can be 0(£). 
We have shown [26] that an 0(£) poloidal variation in ~ drives a radial 
transport flux of impurities which is comparable to the radial flux driven by 
the pressure gradient (Pfirsh-Schlliter) flux in present experiments. When the 
plasma current and toroidal field are parallel, the predicted impurity transport 
flux driven by this poloidal variation in ~ is radially outward for ECRH and 
inward for ICRH, and conversely when the plasma current and toroidal electric 
field are anti-parallel. 
This result may in part explain the observation of enhanced central impurity 
accumulation in ICRH experiments. More importantly, it indicates that ECRH or 
ICRH can potentially be used to reverse the normally inward flow of impurities 
from the plasma edge, thus acting as an impurity control mechanism to reduce the 
technological requirements upon the divertor and first-wall systems. We have 
performed preliminary calculations for TIBER-II [17,18] which indicate that RF 
flow reversal could be a significant effect if 0(£) variations in ~ are 
produced. 
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6. LIMITER LOCATION 
We have shown [27] that a poloidally localized impurity source alter~ 
impurity transport (relative to a poloidally uniform impurity source). Thus, it 
is possible to choose the poloidal location of limiters (the impurity source) in 
such a way as to minimize the inward transport of the limiter-sputtered 
impurity. We have identified [27] such locations for the different possible 
orientations of the plasma current and the toroidal field. 
7. PLASMA -WALL INTERACTIONS 
The concept of replenishing a low-Z surface by diffusion of the low-Z 
component of a binary alloy (e.g. Li in Cu-Li) has been developed and 
extensively analyzed [28-36]. These analyses, and supporting experiments at 
ANL, indicate that it would be possible to maintain a low-Z surface on a 
divertor plate or limiter, so that active impurity control requirements would be 
substantially reduced. 
The magnitude of the sputtering yield of a surface material depends upon the 
energy and angle of incidence of the impinging particle from the plasma, which 
in turn depend upon the details of the acceleration of that particle across . the 
sheath separating the plasma and the surface. We have developed [37] a sheath 
model which takes into account the angle of incidence of the magnetic field to 
the surface and have calculated sputtering yields for materials of interest in 
INTOR. 
8 • ELECTROMAGNETICS 
: . , We hav~ carried out calculations [38-40] to investigate ways to design 
tokamak reactors with small toroidal field coil bores but which have acceptable 
field ripple at the plasma. We considered 
poloidal field coils and of ferromagnetic 
the use of novel ripple reduction 
inserts. We determined that a 
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substantial reduction in TFC bore was possible with the use of either of these 
techniques. 
A novel method for making eddy current calculations, which is much more 
computationally economical than the standard finite-element method, has been 
developed and successfully applied to analyze the ANL FELIX experiments [41] and 
benchmark problems [42]. 
9. SUMMARY 
We have developed two innovative methods for impurity control-neutral beam 
impurity flow reversal and rf impurity flow reversal - which have the potential 
of reducing, or eliminating, the technological requirements on the principal 
impurity control system. We have partially verified the former method by 
comparison with experiment, and we have made preliminary evaluation of the use 
of both methods in future tokamak reactors. 
We have developed a model for the gyroviscous stress in a rotating tokamak 
plasma. We have shown, by comparison with experiment, that this model can 
account for a large part of the momentum confinement time and the degradation of 
energy confinement time that is observed in rotating plasmas. This allows a 
first-principle extrapolation of the NB impurity flow reversal model to future 
tokamak reactors and allows a prediction of the degradation in energy 
confinement that would occur with unbalanced NBI. 
The NBI current drive model has been extended to self-consistently take into 
account the radial transport of the deposited beam momentum and the background 
ion current contribution. Preliminary calculations indicate that the current 
drive efficiency may be as much as 2 times larger than heretofore predicted. 
We have developed a model that allows the prediction of the poloidal 
location of a limiter which would minimize the inward transport of limiter-
sputtered impurities. 
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We have developed - the concept of a self-replenishing low-Z surface v-ia 
diffusion of the low-Z component in a binary alloy and have performed 
substantial analysis in support of that concept. This could allow a divertor 
plate or limiter lifetime to be increased substantially. 
We have developed concepts for reducing the toroidal field ripple, which 
would allow smaller toroidal field coils to be used in tokamak reactors. We 
also have developed a novel method for eddy current calculations. 
B. PROPOSED CONTINUED WORK IN SUPPORT OF TOKAMAK REACTOR STUDIES BY THE GEORGIA 
TECH FUSION STUDIES PROGRAM 
We propose to continue work in three areas -- NBI impurity flow reversal, 
NBI current drive and RF impurity flow reversal -- and to evaluate the relative 
merits of balanced vs. unbalanced NBI. The proposed work will support the 
ongoing ITER and Commercial Tokamak Reactor (CTR) studies in two ways. First, 
the development and · validation of innovative impurity control schemes and 
improved current drive models which could reduce technological requirements 
generically support any study of a future tokamak reactor by providing options 
for improving the design performance. Second, the evaluation of NBI and RF 
impurity flow reversal" NBI current drive, and the energy confinement 
degradation with the unbalanced NBI that is necessary for flow reversal and 
current drive for the ITER and Commercial Tokamak reactors provides direct 
support to those design activities. We have an unique capability, in terms of 
familiarity with the theory in the calculational models and of availability of 
codes that contain the calculational models, to perform the proposed work. 
1. NBI Impurity Flow Reversal (see A.l) 
A one-dimensional, time-dependent impurity transport code, which is based 
upon the self-consistent model [4], has been under development during the past 
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year. This code, which is operational, will be completed. A new atomic physics 
package will be created for scandium, to allow analysis of the most recent PLT 
experiments, and for such other impurities as may be needed in the analysis of 
ITER or CTR. The atomic physics package is needed to calculate impurity 
radiation. This time-dependent code will allow analysis of the evolution of the 
impurity density from an edge or volumetric impurity source. 
Analyses of the PLT [6,7] and ISX-B [8,9] impurity accumulation experiments 
will be completed. This will serve to validate the model and provide the basis 
for·confidence in the subsequent predictions that will be made for ITER and CTR. 
The use of Co-injected NBI for alpha and wall-sputtered impurity control in 
ITER and CTR would be evaluated. The beam power required to maintain an 
acceptably clean central plasma would be calculated with the time-dependent 
code. The possibility of establishing and maintaining a cool, radiating plasma 
edge would be examined. Sensitivity studies would be performed to determine how 
to optimize the design parameters with respect to maximizing NBI impurity flow 
reversal. The results of this work would allow the ITER and CTR designers to 
evaluate the extent to which NBI impurity flow reversal could reduce the 
technological requirements on the main impurity control and first-wall systems 
in their designs and to evaluate the technological requirements for NBI impurity 
flow reversal. 
2. NBI Current Drive (see A.4) 
We would complete the development of the new model for NBI CD which 
incorporates effects due to the radial transfer of toroidal momentum and the 
current component due to the rotation of the background ions. We would check 
this model against NBI CD experiments in DITE and TFTR. 
We would apply the newly developed model for NBI CD to ITER and CTR to 
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establish current drive efficiencies. Sensitivity studies would be performed 
to learn how these designs could be optimized for ~ NBI ·en. The results are 
expected to be quite different than the results that have been obtained using 
the standard models for NBI CD, because the new model incorporates several new 
phenomena. The results of this work would allow the ITER and CTR designers to 
evaluate the technological requirements for using NBI CD and to understand how 
to optimize their designs for NBI CD. 
3. Directed vs. Balanced NBI 
If NBI is used in ITER or CTR, a choice must be made between balanced and 
directed (net CO or CTR) injection. Balanced injection optimizes energy 
confinement (see A.3.). On the other hand, CO or CTR injection is needed for 
current drive, and it is not yet known which direction would be optimal. 
Finally, CO aids and CTR degrades impurity control. Thus, there is a trade-off 
which must be made. 
We would carry out comparative studies of balanced and directed NBI on ITER 
and CTR, taking into account energy confinement degradation, impurity flow 
reversal and current drive. · The information which would be developed would 
provide the basis that would enable the ITER and CTR designers to take into 
account energy confinement degradation and impurity flow reversal considerations 
in evaluating NBI as a heating and current drive system, and to make a choice 
between balanced and directed NBI. 
4. RF Impurity Flow Reversal (see A.S) 
The present model for rf impurity 
the collisional regime. We would 
flow reversal is restricted to plasmas in 
extend the model to arbitrary collisional 
regimes, making use of the same type 
NBI impurity flow reversal model. 
of transport formalism that is used in the 
We would next include the extended model in 
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the time-dependent impurity transport code that has been developed for NBI 
impurity flow reversal, which would allow calculation of the evolution of the 
impurity density distribution from a given edge or volumetric impurity source. 
We would develop a model to relate absorbed RF power to the magnitude of the 
resulting poloidal variation in electrostatic potential and incorporate this 
model in the time-dependent code, thus enabling the rf power required to achieve 
a given level of impurity flow reversal to be calculated. We would check the 
computational model against ECRH and ICRH experiments, to the extent that data 
on impurity accumulation are available. 
We would apply the computational model to ITER and CTR to evaluate the 
efficacy of and technological requirements for rf impurity flow reversal in 
these designs. We would perform sensitivity studies to determine how these 
designs could be optimized for rf impurity flow reversal. The information 
provided by this work would enable the ITER and CTR designers to include 
impurity flow reversal considerations into their choice of rf heating and 
current drive systems and to evaluate the technological requirements for rf 
impurity flow reversal. 
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ANNUAL PERFORMANCE REPORT 
FUSION STUDIES PROGRAM 
DOE GRANT DE-FG05-87ER52141 
(Georgia Tech Account E25-638) 
Work under the Fusion Studies Program during this report period has 
been concentrated in two activities, participation in the ARIES project and 
development of methodology for assessing the feasibility of transport-
enhanced fueling and impurity control using ECRH or ICRH. 
1. PARTICIPATION IN ARIES 
Since mid-1988, our group has been participating in the Advanced 
Reactor Innovation and Evaluation Study (ARIES). During the design of 
the first ARIES vision, the ARIES-I High Field tokamak reactor, our 
primary contribution was in the evaluation of neutral beam current 
drive as a possible scenario for the steady-state operation of the 
reactor. 
We upgraded our computational tools to be able to calculate 
neutral beam deposition in 2-0 flux surface geometry using the latest 
information about the beam stopping cross sections including multistep 
ionization effects. The calculation of the neutral beam driven 
current is self-consistent, including the bootstrap current 
contribution. 
Our calculations indicated that the required seed current for the 
ARIES-I reactor can be driven using high energy negative-ion based 
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neutral beams, with an acceptable current drive efficiency (~ 0.05 
A/W) [1,2]. The neutral beam system considered for the ARIES-I study 
was based on a design concept developed at ORNL and employing radio 
frequency quadrupole (RFQ) accelerators to produce the high energies 
(2-3 MeV) required. Based on our calculations, NB current drive has 
been selected as the backup current drive method for ARIES-I (fast 
wave current drive was selected as the primary current drive scenario 
because of the unavailability to the ARIES project of personnel 
experienced in designing the NB system). 
As part of our NB current drive work we also developed a new 
theory for the calculation of NB driven currents in tokamaks, 
including for the first time the effects of plasma rotation and fast-
ion bootstrap current [3]. While we found that these effects can be 
important in present-day devices, they would play a smaller role in 
reactors ·like ARIES-I due to the small momentum-per-ion deposited by 
the multi-MeV beams envisioned for use in these large devices. 
The ARIES project is now in the beginning of the evaluation of the 
ARIES-II vision, which is a D-T tokamak reactor operating in the 
second stability regime. Current profile control is very important 
for remaining there. Therefore, NB 
role to play due to its excellent 
for reaching this regime and also 
current drive may still have a 
profile control capabilities, and we intend to continue our NB 
calculations for ARIES-II. At the same time, we are looking at 
passive current drive methods associated with the fusion products, 
which can be due either to the anisotropic distribution of the fusion 
products or due to their contribution to the bootstrap current. 
A recently initiated contribution of our group in the ARIES-II 
design is in the area of Burn Control. Preliminary calculations by 
2 
the MHO Stability group indicate that due to the high poloidal beta 
operation of the ARIES-II reactor, the resulting bootstrap current can 
be several times the requir~d plasma current, requiring anti-current 
drive, i.e. driving a current in the opposite direction of the plasma 
current. Therefore, reducing the bootstrap fraction has been a major 
concern since the beginning of the ARIES-II design. One way to 
achieve this would be operate at low temperatures and high densities 
with peaked temperature profiles and flat density profiles. However, 
operating poi~ts in the high ~' low T regime are often thermally 
unstable, requiring active control. We intend to evaluate the thermal 
stability properties of proposed operating points of the ARIES-II 
reactor, and (if needed) to suggest methods for stabilizing them. 
2. ECRH/ICRH TRANSPORT-ENHANCED FUELING AND IMPURITY CONTROL 
There are experimental and theoretical indications that ECRH/ICRH 
alters the particle transport properties of tokamak plasmas, as well 
as heating them. This suggests the possibilities that ECRH/ICRH could 
be used to: 1) drive inward fuel ions that had been deposited off-
center by pellet injection, thus reducing the technological 
requirements on pellet injectors needed for central fueling; and 2) 
drive outward edge-sputtered impurity ions, possibly leading to a 
cold, radiating edge that would reduce the technological requirements 
for handling high heat fluxes on the divertor plates. 
We have collected and evaluated [4] the theoretical and 
experimental evidence that 
tokamaks. We conclude that 
to motivate the development 
ECRH/ICRH alters particle transport in 
this evidence is sufficiently compelling 
of a model that relates ECRH/ICRH power 
input to particle transport, which development we have initiated. One 
3 
aspect of this model is the calculation of the electric fields. We 
have developed a model for calculating the radial electric field and 
checked it by comparison with heavy ion beam measurements of the 
electric field in ISX-B [5]. 
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ABSTRACT 
A continuation of work under the Georgia Tech Fusion Studies grant is 
proposed. Specifically, it is proposed to study innovative techniques for 
plasma fueling and for impurity expulsion and to perform neutral beam 
current drive and other calculations in support of the ARIES project. 
~-------------------------------------------------------------------------------------------------
" 1. INTRODUCTION 
The Fusion Studies Program at Georgia Tech has been supported by 
DOE since 1978. The emphasis in the Fusion Studies Program has 
been on the development and validation of innovative solutions to 
plasma physics problems that would have produced extremely demand-
ing technological requirements in future tokamak devices. 
Impurity flow reversal is a good example of the type of work that 
has been done in the Fusion Studies Program. In 1979, we predict-
ed [1, 2] that CO (CTR) neutral beam injection would produce an 
outward (inward) impurity flux that would compensate (enhance) the 
inward flux driven by the pressure gradient. This raised the 
possibility that co-injection could be used to drive impurities 
from the center to the plasma edge where they might form a cool, 
radiating edge, thus reducing the heat load on the limiter or 
divertor plate and reducing the sputtering erosion, both of which 
are serious technological problems for fusion reactors. 
Experiments which were subsequently performed in ISX-B and PLT 
found a reduced central impurity concentration with Co-injection 
and an increased central impurity concentration with CTR-inject-
ion, in qualitative agreement with experiment. A Ph.D. student 
analyzed [3, 4] these experiments, using the previously developed 
theory and using another theory based on inertial effects. The 
comparison was encouraging, but it was clear that neither theory 
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was adequate to fully explain the experimental results. We also 
evaluated the technological requirements for achieving flow rever-
sal in a tokamak reactor [4]. 
We then extended our original theory to self-consistently include 
inertial effects [5, 6]. A second Ph.D. student then analyzed the 
ISX-B and PLT experiments in great detail [7] and found excellent 
agreement between the extended theory and the·experimental data. 
One of the elements in the impurity transport model is rate of 
radial transfer of toroidal angular momentum. While this momentum 
transfer rate can be inferred from the measured rotation 
velocities in experiments, a theoretical model is required in 
order to make predictions for future devices. We found [8] that 
gyroviscosity could produce a radial momentum transfer rate of the 
magnitude needed to account for the observed rotation velocities. 
We subsequently found, as a result of detailed analyses, that 
gyroviscosity could account for the magnitude and scaling with 
plasma parameters of the measured rotation velocities and momentum 
confinement times in ISX-B and PLT [9] and in JET [10]. As an 
outgrowth of the success in predicting the ISX-B and PLT 
experiments, we are now collaborating with PPPL staff in 
analyzing the TFTR rotation experiments (supported by Confinement 
Systems). This work is being carried out as Ph.D. research by one 
of our students, who is finding [11] the same good agreement 
between theory and experiment. Another student (support by 
Georgia Power Co.) examined the kinetic theory basis for 
gyroviscosity as part of his Ph.D. thesis [12]. 
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Calculations supporting the evaluation of neutral beam impurity 
flow reversal as an impurity control mechanism have been made in 
support of the INTOR [13] and TIBER [14, 15] reactor design acti-
vities. 
In the meantime, impurity flow reversal was judged by an IAEA 
workshop [16] to be one of a limited number of innovations which 
were capable of improving the tokamak as a reactor concept. 
We believe that the methodology that we have developed for impur-
ity flow reversal could be extended to provide a useful tool for 
the analysis of impurity accumulation experiments in TFTR and 
other tokamaks, even in the presence of large, anomalous electron 
fluxes. We have proposed- to OFE/DOE to undertake the necessary 
extensions of the theory under a separate grant. 
A second example of the work carried out in the Georgia Tech 
Fusion Studies Program is in the area of neutral beam current 
drive. We were asked to support the TIBER reactor design activity 
in this area, which we did. We then extended the TIBER support 
work to perform a sensitivity study for three candidate next-step 
reactors--TIBER II, ITER-US and INTOR [17]. We are now providing 
the neutral beam current drive calculations for the ARIES project. 
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Because of our involvement in the analysis of the rotation experi-
ments, it became apparent to us that the radial transfer of 
toroidal momentum that was being observed in the experiments would 
cause the neutral beam driven current profile to be different from 
the beam momentum deposition profile. This introduces the 
possibility that relatively lower energy neutral beams, which 
cannot penetrate to the center of the plasma, can be used to drive 
current in the center of the plasma, thereby reducing the neutral 
beam technology requirements. We also noted that the pressure 
associated with the population of fast beam ions would contribute 
to the bootstrap current', thereby reducing the vo 1 t-second 
requirement. We developed a preliminary theory [18] which 
incorporated these two effects and applied it to TFTR, where the 
effects are predicted to be quite substantial. As a result, we 
have submitted a proposal to OFE/DOE to develop an improved theory 
which removes some of the assumptions implicit in the standard 
kinetic theory results of standard NB current drive theory and 
that were carried forward into the extended theory. 
These examples illustrate how the Georgia Tech Fusion Studies 
Program functions. Tasks are identified by seeking innovative 
solutions to plasma physics problems that are producing difficult 
technological requirements. In order to develop these solutions, 
some plasma theory is usually done. In order to validate these 
solutions, some analysis of experimental data is usually done. In 
order to evaluate these solutions, some reactor design analysis is 
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usually done. Frequently, this work identifies promising areas 
for further development of theory or application to analysis of 
experiment, which are then proposed to OFE/DOE. 
The Fusion Studies Program is the central focus of the faculty and 
student research in fusion at Georgia Tech. Weekly meetings to 
' 
review progress are attended by those students funded by and work-
ing on the Program, by students funded by related programs and by 
students funded by themselves or by State funds and working on the 
Fusion Studies Program. Over the -past 4 years, 2 students who 
were supported by the Fusion Studies Program and 3 students who 
were associated with the Program but funded otherwise have 
received their Ph.D.s. At present, there are 3 Ph.D. students 
partially supported by the Program and 3 Ph.D. students associated 
with the Program but funded otherwise. 
Some of the proposed work would be completed within the one-year 
period of the proposal. Most of the work would take longer, and 
we would intend to submit a renewal proposal for continuation of 
the work. It is anticipated that much of the work would be· done 
as part of Ph.D. dissertations. 
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· 2. INNOVATIVE METHODS FOR FUELING AND IMPURITY EXPULSION 
Fueling the central regions of large, high-density plasmas of the 
type envisioned for ITER or for ARIES or other future devices is a 
formidable and unsolved problem. Credible extrapolation of pellet 
injection technology leads to the conclusion that achievable pel-
let velocities are likely to be too low to enable penetration to 
the plasma center. While plasmoid injection has been proposed, it 
is far from clear that this novel technique will be feasible or 
economical. 
We propose to examine possible techniques for driving fuel which 
has been deposited off-center by pellet ablation into the center 
of the plasma. There is theoretical and experimental evidence 
that neutral beam injection (NBI), electron cyclotron heating 
(ECRH), ion cyclotron heating (ICRH), the radial electric field, 
and the conditions at the plasma boundary all affect particle 
·transport within the plasma. Thus, there is the possibility that 
each of these could be used to drive fuel into the plasma center. 
We propose to investigate these possibilities. In general, there 
will be three phases of the investigation: 1) developing the 
appropriate model for particle transport in response to the 
specific driving mechanism; 2) checking the particle transport 
model by comparison with experiments in which the effect should be 
observable; and 3) evaluation of the technological requirements 
for producing central fueling and of any technological side 




The fact that NBI, ECRH, etc. can affect particle transport 
suggests that they also might be used to drive unwanted impurities 
out of the center of the plasma or to prevent wall-sputtered impu-
rities from penetrating to the center of the plasma. (It was, in 
fact, this possibility which first interested us.) We propose to 
investigate this possibility for the mechanisms mentioned above, 
proceeding through the same three phases of investigation. 
Particle Transport Driven by Neutral Beam Injection 
Background 
There is a well-developed theory [1, 2, 5, 6, 19] for the effect 
of directed neutral beam injection and the resulting plasma 
rotation on the radial transport of the main (fuel) and impurity 
ions in a tokamak. This theory predicts that co-injection will 
drive impurities outward and will drive the main ion species 
inward. Thus, co-injected NB is a possible mechanism for driving 
fuel ions deposited in the outer region by pellet ablation into 
the center of the plasma and for driving impurity ions out of the 
center of the plasma or for preventing impurity ions from 
penetrating to the center of the plasma. 
The predicted effect of NBI on impurities is well-established 
experimentally--the central accumulation of impurities is several 
times greater for counter-injection than for co-injection in ISX-B 
7 
[20-22] and PLT [23-25]. 
co-injection can reduce 
Detailed analysis [7] 
In ISX-8, there is evidence [20] that 
the central impurity accumulation. 
indicates that these ISX-B and PLT 
experiments can be explained quantitatively by the transport 
theory [6] that has been developed in the Georgia Tech Fusion 
Studies Program. 
The earlier experiments in TFTR [26], with MW levels of NBI, exhi-
bited the same impurity accumulation dependence upon beam direc-
tion, namely the central impurity accumulation was several times 
greater for counter-injection than for co-injection. More recent 
TFTR experiments [27], at the lO's of MW level of NBI, find the 
apparently contradictory result that central impurity confinement 
is less for counter-injection than for co-injection and longest 
for balanced injection. However, there is evidence [28] of large, 
anomalous outward electron fluxes in these high-power injection 
pulses. These anomalous electron fluxes would produce large 
anomalous impurity fluxes [29] which would overwhelm the impurity 
fluxes produced by momentum exchange and inertial effects [6]. 
Thus, the recent TFTR results [27] are not necessarily con-
tradictory. 
Thus, there is an established theory for the effect of NBI on main 
(fuel) ion and impurity ion transport, and the impurity ion trans-
port portion is supported by experimental data. To our knowledge, 







We propose to evaluate the amount of co-injected NB power that is 
required to drive fuel deposited off-center by pellet ablation in 
the center of tokamak plasmas as a function of beam energy and 
orientation; pellet velocity and size; and plasma size, density 
and temperature (magnitude and profile), and impurity concentra-
tion. We would use models that we have developed for fuel ion 
transport, standard Fokker-Planck beam momentum deposition codes, 
and standard pellet ablation models. 
We also propose to evaluate the amount of co-injected NB power 
that is required to drive He out of the center of tokamak plasmas 
and to prevent sputtered impurities from penetrating to the center 
as a function of beam energy and orientation and plasma size, 
density and temperature (magnitude and profile). The same 
transport model and beam deposition code as above would be used. 
Particle Transport Driven by the Radial Electric Field 
Background 
We introduced [1, 2] a particle transport flux proportional to the 
radial electric field in our neoclassical treatment of rotating 
plasmas. Subsequent authors have produced a theory for 
fluctuation-driven transport fluxes [30], in which the radial 
electric field affects one of the thermodynamic forces that drive 
9 
2.2.2 
transport fluxes and for non-ambipolar transport [31] in which the 
radial electric field plays a major role in determining transport. 
We [5, 6] have also shown that the peloidal electric field could 
affect particle transport. 
Experimental results from several tokamaks [32-35] indicate im-
proved confinement when the radial electric field takes on a more 
negative value. 
Thus, there seems to be a possibility that the electric field 
could be controlled so to drive externally deposited fuel ions to 
the plasma center and to prevent sputtered impurity ions from 
entering the plasma center. 
Proposed Work 
We propose to investigate the possibility that control of the 
radial electric field can drive externally deposited fuel ions 
into the center of the plasma and can prevent sputtered impurity 
ions from penetrating to the center of the plasma. The first 
stage of the work will be a literature review, followed by the 
development or adaptation of models for calculating the effect of 
the radial electric field on fuel ion and impurity ion transport 
and for controlling the radial electric field. These models will 




technological requirements for central fueling and impurity 
control supplementation by the radial electric field will be eval-
uated as a function of plasma size and operating conditions. 
Particle Transport Driven by ICRH and ECRH 
Background 
ICRH and ECRH are two of the main methods used for heating toroid-
al plasmas, in addition to NBI. --High power ICRH (or ECRH) can 
significantly affect the transport of the main ion species as well 
as impurities. An understanding of transport introduces the pos-
sibility to control the flow of main ions and impurities. There 
have been limited theoretical studies of particle transport in the 
presence of ICRH and ECRH [35-40]. It has been shown [41] that 
the increased electron (ion) trapping associated with ECRH (or 
ICRH) can give rise to peloidal potential variations of the order 
e. We have shown [39, 40] that an order e variation in peloidal 
potential can give rise to an inward component of impurity flux in 
ICRH and an outward component in case of ECRH. It has been 
suggested [41] that an order e potential variation and the 
resulting E X B drift could lead to a decrease of ·plasma density 
during ECRH and an increase in the density during ICRH. There is 
a considerable body of experimental data [42-45] indicating an en-
hanced inward flow of impurities with ICRH. There is also some 
evidence [42-44] that ICRH can also result in an inward flow of 
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the main ion species. In ECRH, a rapid profile broadening and 
density reduction has been observed in most experiments [46, 47]. 
There is also evidence from TEXT experiments [48] that ECRH could 
produce an outward component of impurity flux. Thus, there would 
seem to exist the possibility that ECRH/ICRH could be exploited to 
drive externally deposited fuel ions inward and to prevent impur-
ity ions from penetrating to the center. 
Proposed Work 
In our previous work [39, 40], we have assumed an order e varia-
tion in poloidal potential in computing the impurity fluxes due to 
ECRH and ICRH. In order to assess the technological feasibility 
of particle flux control with ECRH (or ICRH), we need to know the 
exact magnitude of the potential variation as a function of power 
launched for the type of heating scheme under consideration. 
There are several heating schemes being used, such as, minority 
heating, second harmonic heating for ICRH and ordinary wave 
heating, extraordinary wave heating for ECRH. We propose to 
develop models to compute the magnitude of potential variation for 
several heating schemes, as a function of the relevant plasma 
parameters. 
In a few experiments with ICRH and ECRH (with or without NBI), it 
has been observed that the plasma toroidal rotation velocity 
changes [49, 50]. This suggests the possibility of corresponding 





during ECRH has been observed in TEXT [51]. Radial electric 
fields can have a significant effect on transport. We propose to 
investigate how radial electric fields may be created by ECRH and 
ICRH and the resulting effect on transport. 
We intend to use the calculations in codes to compute particle 
fluxes. We have a code to calculate impurity fluxes during wave 
heating (ECRH or ICRH). Wave heating could change the particle 
distribution functions significantly, leading to a modification of 
transport properties. We propose to incorporate the results of 
our investigations into this code. 
We propose to compare the results of our calculations against 
experimental data on density buildup and impurity accumulation. 
We would then propose to apply our calculational model to estab-
lish the amount of ECRH/ICRH power that would be needed to drive 
externally deposited fuel ions into the center of the plasma and 
to prevent impurity ions from penetrating to the plasma center. 
Particle Transport Driven by Plasma Boundary Control 
Background 
Theoretical investigations indicate that processes in the scrape-
off region of a tokamak plasma can have an important effect on the 
transport in the interior of the plasma. Recent calculations [52] 
predict an inward contribution to the particle flux when the ion 
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grad-B drift is toward the x-point in a single-null configuration, 
while the dependence of the power threshold for the H-mode transi-
tion on edge conditions (neutral particles, impurity accumulation) 
has been established [53]. Moreover, it has been shown [54] that 
peloidal asymmetries in the impurity sources (due to the location 
of the limiters, or to asymmetric recycling) give rise to peloidal 
asymm~tries in the impurity density which in turn alter the radial 
impurity and main ion transport • 
..., ..; r:': - .......,..; r-.' ,- -
Proposed-Work 
We propose to examine the effect of scrapeoff conditions on par-
ticle transport, and to identify possible mechanisms that can lead 
to enhanced inward transport of fuel ions and outward transport of 
impurities, acting therefore as fueling and impurity control mech-
anisms. 
3. PARTICIPATION IN ARIES 
3.1 Neutral Beam Current Drive 
3.1.1 Background 
Since June 1988, Georgia Tech has been participating in the 
Advanced Reactor Innovation and Evaluation Study (ARIES). Our 
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3.1.2 
primary contribution has been in the neutral beam current drive 
calculations for the different ARIES versions. 
The advantages of driving current with neutral beams (good experi-
mental database, credible physics, seed current for the bootstrap 
current, good profile control) make NB current drive a serious 
candidate for any steady-state tokamak reactor design. This is 
d_eJ.initely true for the first ARIES version, a high field reactor 
1n -the first stability regime, the design of which follows the 
ph1~osophy of using relatively proven plasma physics. 
During the seeping phase of this reactor design study, we present-
ed detailed calculations for the current drive efficiency and 
other NB related parameters for the different design points of the 
reactor [55]. Based on our calculations, the Current Drive group 
recommended neutral beam current drive as the primary current 
drive technique for ARIES-I, at the last ARIES meeting. 
Proposed Work 
We propose to upgrade our computational tools in order to carry 
out a self-consistent NB current drive calculation for the design 
phase of ARIES-I. 
Since a large fraction of the total current is expected to be 
provided by the bootstrap current, maximizing the latter is an 
important issue. Due to the inadequacy of present fueling methods 
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to fuel near the magnetic axis, flat density profiles are expected 
in ARIES-I. It has been demonstrated [56] that, even with flat 
densities, it is possible to have large bootstrap current frac-
tions in a high field reactor if the noninductive seed current is 
used to generate a high beta peloidal equilibrium with a high on-
axis safety factor, and it has been shown that high frequency fast 
waves can provide the required seed current. Our calculations for 
the seeping phase of ARIES-I appear to be consistent with this 
operation. We wish to demonstrate this with a self-consistent 
MHO, neutral beam and bootstrap current calculation for the design 
phase of ARIES-I. For this, we propose to couple a full MHD free-
boundary equilibrium code (as opposed to the approximate moments 
model presently used) with our neutral beam deposition and fast-
ion slowing down module, while the bootstrap current will be 
calculated using the recent . formalism by Hirshman [57], which is 
valid for arbitrary values of the aspect ratio and the effective 
charge. This way, our model will be valid not only for the ARIES-
I calculations but also for the other more advanced ARIES versions 
that may have different aspect ratios and higher betas. We 
propose to perform the neutral beam current drive calculations for 
the ARIES-I design. 
We are also proposing to continue our neutral beam current drive 
calculations for the other ARIES versions. Although other passive 
current drive techniques (e.g. synchrotron current drive) are 
being emphasized for the more advanced ARIES versions, we feel 





Moreover, the high degree of profile control that is possible with 
NB current drive may be important for reactors in the second sta-
bility regime. 
Innovative Fueling and Impurity Expulsion 
Background 
Peaked density profiles are desirable in tokamak designs in order 
to maximize the pressure gradient driven bootstrap current, and 
therefore minimize the external driver technology requirements. 
However, early on in the ARIES collaboration it became apparent 
that reactor-sized plasmas are difficult to fuel near the magnetic 
axis [58]. Deep fueling with pellet injection requires pellet 
velocities outside the range of present and projected injection 
technologies, while other proposed methods such as fueling with 
accelerated compact toroids [59] may not be economically feasible 
[60]. Therefore, the development of novel techniques, capable of 
deep fueling at a reasonable cost was identified as a critical 
issue for ARIES. 
It has been observed [61] in recent experiments, that density from 
pellets deposited in the outer regions of the plasma is transport-
ed inward by some unknown pinch mechanism. Moreover, theory pre-





1on cyclotron heating can modify the radial transport of the im-
purities and main ions in the plasma (see part 2 of this pro-
posal). 
Proposed Work 
We propose to examine the feasibility of using the methods which 
will be developed under part 2 of this proposal to drive fuel 
deposited at the outer regions of the plasma into the center of 
the reactor for the different ARIES versions, and to estimate the 
power requirements of such a system. If such a system proves to 
be feasible, conventional fueling techniques (pellet fueling or 
gas puffing) could be used for fueling without requiring major 
technological extrapolations. Moreover, since the impurity trans-
port will be affected as well, we propose to examine these mecha-
nisms for possible impurity and ash control in ARIES. 
Alternative Current Drive Methods for ARIES 
Background 
For the more advanced versions of ARIES (ARIES-II and ARIES-III), 
the emphasis is on innovative, preferably passive, current drive 
techniques such as bootstrap current with synchrotron radiation, 
etc. Moreover, some of these reactors are supposed to be in the 
second stability regime where the requirement for a hollow current 
profile makes the selection of an attractive current drive method 
even more challenging. 
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3.3.2 
In addition, since passive mechanisms are inherently present dur-
ing the operation of the reactor, it is important to assess their 
effect on the total current profile, specially in cases where 
precise profile control is very important. 
It is well known that fusion products can generate toroidal cur-
rents _ in a tokamak _reactor. This can be due either to the 
QonideaJ _c_onfinement of these _ f!Jsion _products which_gjyes rise to 
an anisotropic di~tribution [62], or due to the alpha particle 
bootstrap current in the ne_ighborhood of the magnetic axis which 
has been shown to be nonzero [63]. This has suggested the idea of 
a steady-state tokamak reactor with a toroidal current maintained 
by neoclassical processes connected with both the bulk plasma and 
the thermonuclear reaction products [64]. 
Proposed Work 
We propose to study the feasibility of fusion-product driven boot-
strap currents as a passive current drive technique for the 
advanced ARIES versions and to assess their impact on the net 
current profile. Some of the ARIES designs under consideration (a 
high field D-He3 reactor, a low aspect ratio spherical torus etc.) 
provide us with a unique range of parameter to test these ideas. 
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FUSION STUDIES PROGRAM 
Fusion Research Center - Georgia Tech 
Progress Report 
May 31, 1990- May 31, 1991 
1. PARTICIPATION IN ARIES 
During this period we participated in the ARIES-III design effort; The ARIES-III 
(the design of which was completed at the recent ARIES project meeting at Argonne 
National Laboratory), is an advanced fuel (D-3He) reactor operating at the second region 
of MHD stability. The required high plasma {3 (24%) leads to a bootstrap current larger 
than the plasma equilibrium current necessitating anti-current drive, i.e. driving a current 
in the opposite direction of the main plasma current. Our studies showed that neutral 
beam current drive would be capable of providing the forward seed current as well as the 
reverse anti-current at a reasonable current drive efficiency. 
Based on our calculations, the ARIES group selected NB current drive as the 
reference current drive method for the ARIES-III reactor. During the last part of 1990, 
and the first part of 1991 we have been doing calculations to determine the basic design 
parameters of the NB system (beam energies, geometry, beam optics, etc.), as well as the 
effects of the interaction of the beams with the rest of the plasma ({3 due to the fast beam 
ions, fusion power due to beam-plasma interactions, neutron production, etc.). During thls 
work, we have been in close contact with the ARIES MHD and stability group (at PPPL) 
to ensure that the NB driven current profile is MHD stable. 
We have also been involved in the startup calculations for ARIES-III. We 
determined the required parameters (energy and power) of the NB system in order to drive 
the required current during startup, and the power that the system can provide for heating 
the plasma to the final operating point. 
Our contributions will appear in the upcoming ARIES-III report (chapters 6 and 
8), and will be presented at the 14th IEEE Symposium on Fusion Engineering (September 
30- October 3, San Diego, CA). 
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2. INNOVATIVE METHODS FOR FUELING AND IMPURITY CONTROL 
Much of the second half of 1990 was spent studying the direct and indirect effects of wave 
heating on particle transport in tokamaks. The study included a review of much of the 
relevant theoretical and experimental literature on particle transport during high power 
wave heating [1]. It was found that high power wave heating, in addition to its direct 
impact on transport, causes a significant enhancement of poloidal potential variation. Such 
a change in the potential can cause a significant enhancement of neoclassical transport 
coefficients. This could have implications for impurity transport, fueling and burn control 
in wave heated tokamaks. In addition to particle transport, we have also been interested in 
the production of large electric fields during high power wave heating. Electric fields could 
directly or indirectly cause changes in transport. We have studied the production of electric 
fields due to absorption of electromagnetic wave momentum using a simple model. The 
results of our work were presentedat the 32nd annual APS (Division of Plasma Physics) 
meeting [2]. This year, we have continued our work on particle transport. Considerable 
progress has already been made toward the calculation of particle transport coefficients in 
the presence of large poloidal potential variations in a multispecies plasma. We also plan to 
study the effect of large potential variations on the bootstrap current in a multispecies 
plasma. 
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FUSION STUDIES PROGRAM 
Progress Report for the ARIES Participation 
June 1, 1991 -May 31, 1992 
During the second part of 1991, we were involved in the design of the ARIES-ill second 
stability, advanced fuel (D - 3 He) reactor. Our contributions have been in the areas of 
neutral beam current drive, and startup operations. In particular, we performed 
calculations to determine the basic design parameters of the neutral beam (NB) system of 
the ARIES-Ill reactor, which had been selected as the reference current drive scenario. 
Due to its high beta (23%), ARIES-ill operates in a regime where the bootstrap current 
is larger than the desired equilibrium current for MHD stability. Thus, a portion of the 
bootstrap current must be canceled by the external current driver. This anti-current drive 
requirement made the ARIES-III NB reference design more challenging. It was found 
that two oppositely directed beam modules were needed: a co-injected one driving the 
central seed current, and a counter-injected module driving current in the outer parts of 
the plasma, to cancel the bootstrap overdrive. We determined the design characteristics 
of these systems (beam energies and geometry for optimum operation with enough 
flexibility for profile control, beam optics parameters, etc.) as well as the effects of the 
interaction of the beams with the rest of the plasma (beta due to fast beam ions, fusion 
power due to beam-target interactions, neutron production from these interactions, etc.) 
We were also involved with the D-T startup scenario of ARIES-III. We did simulations 
to assess the performance of the NB system during start-up, and in particular its ability to 
drive the required external current for stable access to the second stability reference 
operating point (as determined by the MHD equilibrium and stability calculations), while 
at the same time being able to provide as much as possible of the required heating power 
along the start-up path. We found that in order to achieve these goals, the NB system 
should be capable of variable beam energy. 
Our contributions in the ARIES-III design, were presented at the 14th IEEE/NPSS 
Symposium on Fusion Engineering (San Diego, September 30 - October 3, 1991) [1,2], 
and can also be found in Chapters 6 and 8 of the upcoming ARIES-III report. 
During the last part of 1991 and the first part of 1992, we have been participating in the 
design of the ARIES-II/IV visions. As members of the Current Drive task group, we 
provided NB current drive calculations for the different proposed initial designs of the 
reactors, to help choose the most appropriate current drive concept. The current drive 
requirements of ARIES-II/IV are rather modest (about 1 MA) and therefore current drive 
efficiency was not a crucial factor. It was decided that ICRF fast waves would be the 
reference current drive scenario for ARIES-II/IV, mainly due to its better integrability to 
a reactor environment. However, neutral beams are still the primary backup option and 
they still may play an important role, since the latest results indicate that bootstrap 
overdrive may be a problem in ARIES-WIV. 
1. INTRODUCTION 
The Georgia Tech Fusion Studies Program has, since 1977, investigated innovative 
plasma engineering solutions which could reduce the technological requirements on 
tokamak systems an~ more recently, participated in multi-institutional conceptual design 
studies. 
We originated and validated by comparison with experiment the concept of using co-
injected neutral beams to drive impurities outward, thereby reducing the requirements on the 
impurity control system. Recently, we have investigated the use of ECRH!ICRH to enhance 
the bootstrap current and to drive impurities outward and main ions inward, thereby reducing the 
requirements on both the impurity control and the current induction systems. We have also 
found that the radial diffusion of fast beam ion momentum may allow current to be driven in 
the center of the plasma by neutral beams which do not penetrate to the center, thereby 
reducing the neutral beam technology requirements. 
Since the mi~-1980's, we have participated in multi-institutional reactor design studies 
sponsored by DOE. We have performed neutral beam current drive calculations flrst for 
TIBER and extensively for ARIES. We have been involved in a number of fusion 
development strategy and DEMO requirements definition activities over the past decade. 
It is proposed to continue our work on post-ARIES studies. It is further proposed to 
initiate research activities in the environment and safety area in order to make available our 
considerable experience in fusion reactor design to advance the achievement of DOE 
programmatic objectives in this area. 
2. PARTICIPATION IN POST -ARIES & DEMO STUDIES 
2.1 frouess Reoort 
Since mid-1988, our group has been participating in the Advanced Reactor Innovation 
and Evaluation Study (ARIES). During the design of the flrst ARIES vision, the flrst stability 
ARIES-I high field tokamak reactor, our primary contribution was in the analysis and design of 
a high-energy neutral beam current drive (NBCD) system as an alternative current drive scenario 
for the steady-state operation of the reactor [1,2] (fast-wave current drive had been selected as 
the reference current drive option). 
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During the design of the ARIES-III second stability, advanced fuel (D - 3 He) reactor, 
we contributed in the areas of neutral beam current drive and startup operations [3-6]. In 
particular, we performed calculations to determine the basic design parameters of the neutral 
beam (NB) system· of the ARIES-ill reactor, which had been selected as the reference current 
drive scenario. Due to its high beta (23% ), ARIES-ill operated in a regime where the bootstrap 
current is larger than the desired equilibrium current for MHD stability. Thus, a portion of the 
bootstrap current must be canceled by the external current driver. This anti-current drive 
requirement made the ARIES-ill NB reference design more challenging. It was found that two 
oppositely directed beam modules were needed: a co-injected one driving the central seed 
current, and a counter-injected module driving current in the outer parts of the plasma, to cancel 
the bootstrap overdrive. We detennined the design characteristics of these systems (beam 
energies and geometry for optimum operation with enough flexibility for profile control, beam 
optics parameters, etc.) as well as the effects of the interaction of the beams with the rest of the 
plasma (beta due to fast beam ions, fusion power due to beam-target interactions, neutron 
production from these interactions, etc.) 
We were also involved with the D-T startup scenario of ARIES-III. We did simulations 
to assess the performance of the NB system during start-up, and in particular its ability to drive 
the required external current for stable access to the second stability reference operating point (as 
detennined by the MHD equilibrium and stability calculations), while at the same time being 
able to provide as much as possible of the required heating power along the start-up path. We 
found that in order to achieve these goals, the NB system should be capable of variable beam 
energy. 
Finally, we participated in the design of the last of ARIES visions, the ARIES-II/IV 
reactor. As members of the Current Drive task group we provided NB current drive calculations 
for the different proposed initial designs of the reactors, to help choose the most appropriate 
current drive concept The current drive requirements of ARIES-II/IV were rather modest (about 
1 MA), and therefore current drive efficiency was not a crucial factor. It was decided that ICRF 
fast waves would be the reference current drive scenario for ARIES-II/IV, mainly due to its 
better integrability to a reactor environment Neutral Beams remained the primary backup 
option. 
Another activity under this project, has been the study of the effects of poloidal potential 
variations likely to be produced during ICRH and ECRH heating of tokamak plasmas. 
Calculations [7] indicate that a poloidal electric field of order e can significantly enhance (by a 
factor of- 3) the neoclassical ion diffusion coefficients in an impure plasma. The magnitude of 
ion transport enhancement is found to depend upon the impurity content, impurity species, and 
the magnitude of the poloidal electric field. A poloidal electric field also causes a significant 
enhancement (a factor of - 2) of the bootstrap current coefficients. However, the nature of 
density and temperature profiles seem to be important in determining the change in the bootstrap 
current A poloidal electric field leads to an increase in the bootstrap current when the potential 
on the outside is greater than that on the inside of the tokamak (as during· ICRH), and the density 
profile is not too flat compared to the temperature profile. ' 
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